Three-dimensional calculations of ventilation air flow and thermal-hydraulic behavior in a spent fuel pit (SFP) were made using the CFD software, FLUENT6.3.26 to evaluate the heat loss and water temperature in the SFP after shutdown of its cooling systems. The air and water velocities near the water surface were evaluated from the calculated results and referred to conditions of evaporation heat transfer tests, which were carried out at Shinshu University. From the test data, a correlation for evaporation heat fluxes was introduced and incorporated into the calculation of thermal-hydraulic behavior in the SFP. Then, a three-dimensional calculation of thermal-hydraulic behavior in the SFP was done. It was confirmed that the higher the water temperature was, the larger the heat loss from water was, and that the major heat loss was the evaporation heat transfer from the water surface to ventilation air, which was about ten times larger than the heat transfer to concrete walls.
Introduction
A spent fuel pit (SFP) is generally equipped with two water purification and cooling systems to remove decay heat from spent fuel assemblies, and the SFP water is kept at a low temperature. It is important to evaluate increase of SFP water temperature and the time to reach its upper temperature limit, when operation of the water cooling systems stops. An important uncertainty for evaluation of the heat loss and water temperature in the SFP is evaporation heat transfer from the water surface to ventilation air. In order to calculate the SFP water temperature, an evaporation heat transfer correlation is required which can be applied in the temperature range of 20-65 ℃.
In a general ocean circulation model, evaporation heat transfer correlations (1) (2) (3) are used to calculate heat transfer from the sea surface to the atmosphere. They can not be applied to calculate the SFP water temperature, because their applicable lower limit of air velocity (2.5 m/s) is higher than the ventilation air velocity near the water surface and their upper limit of water temperature is low comparing with that in a SFP after shutdown of its cooling systems. Fujii et al. (4) proposed an evaporation heat transfer correlation for higher water temperatures than 100 ℃, but it is not applicable to a SFP water temperature calculation.
In this study, three-dimensional (3D) calculations of ventilation air flow and thermal-hydraulic behavior in a SFP were made using the CFD software, FLUENT6.3.26 to improve the calculation method for the heat loss and water temperature in the SFP. Air and water velocities near the water surface were evaluated from the calculated results and referred to conditions of evaporation heat transfer tests (5) . From the test data, a correlation for evaporation heat fluxes was introduced and incorporated into the calculation of thermal-hydraulic behavior in the SFP. Then, a 3D calculation of thermal-hydraulic behavior in the SFP was carried out.
Calculation of Ventilation Air Flow

Calculation Conditions
The CFD software, FLUENT6.3.26, was used to calculate 3D ventilation air flow in a spent fuel building. Ventilation air systems are equipped in a spent fuel building to keep the room pressure lower than the atmospheric pressure and avoid diffusion of aerosol particles from the water surface. The ventilation air systems are operated at constant conditions. The calculation of 3D ventilation air flow was done to determine test conditions of evaporation heat transfer and it was not connected with calculations of thermal-hydraulic behavior in the SFP because of constant air flow conditions. Figure 1 shows the computational grid for ventilation air flow. The width, length and height of the pit above the water surface were about 15, 10 and 2 m, respectively. The calculation region included a volume with 15×22×6 m above the SFP area. The total number of the calculation cells was about 190,000.
The standard k-ε turbulent model was used. On side walls in the SFP and the concrete floor, the non-slip condition and the standard wall function were used. On the water surface, the slip condition was used to evaluate air velocity near the water surface and use it as the characteristic velocity for evaporation heat flux because it was difficult to define the bulk velocity. Effects of water velocity on ventilation air velocity were not simulated, because the calculated water velocity near the surface was less than 0.1 m/s (from Fig. 7 ). On the side and top boundaries above the concrete floor, the pressure outlet at gauge pressure of 0 Pa was used. The constant velocity boundaries of about 5 m/s were used at the inlet and outlet of ventilation air. The flow area and flow rate at the outlet were about twice those at the inlet to keep the room pressure lower than the atmospheric pressure.
The target of calculation errors for ventilation air velocity was less than about 15 % or 0.15 m/s from the effects of the air velocity on evaporation heat fluxes predicted by a correlation (cf. section 4.4). Nagano et al. (6) reported effects of mesh divisions on the calculated velocity distributions in a back-step flow using the standard k-ε turbulent model. From their results, it was expected that the calculation error target less than about 15 % or 0.15 m/s might be satisfied. 
Calculated Result
A transient calculation of the ventilation air flow was made and the velocity field was evaluated after the steady state was reached. Figure 2 shows the calculated velocity field of ventilation air at the center of a vertical plane (Y = 7.5 m). Velocities at the inlet and outlet were about 5 m/s. The air flow from the air inlet curled downward and recirculation flow appeared below the air inlet. The air flow from the air inlet did not expanded into the area above the SFP as shown in Fig. 3 (vertical velocity distribution at X = 5 m). Therefore, high air velocities were kept near the water surface and were about 1.0-2.0 m/s. The air velocity was used for conditions in the evaporation heat transfer tests (5) and calculation of the heat flux on the water surface. where q r is the radiation heat flux, q c is the convection heat flux and q e is the evaporation heat flux. q e is much larger than q r and q c .
In order to evaluate heat fluxes on the water surface, evaporation heat transfer tests were conducted at Shinshu University (5) . Figure 4 shows the test loop and test section. The test loop consisted of a rectangular test section, a water storage tank, a circulation pump, a compressor and instruments. Test fluids were distilled water and air. Water entered and flowed along the bottom in the test section and flowed from the bottom outlet at the other end. Air supplied from the compressor through a rotameter flowed into the test section from the top inlet at one end, flowed along the top part of this section counter-currently to water, and flowed from the top outlet at the other end. The test section was made of transparent Plexiglas. The height and the width of its cross section were 20 mm and 100 mm, respectively, and the test section length was 1,000 mm. There were horizontal water splashing prevention plates at both ends of the test section where the inlets and outlets of water and air were located. The level of these plates could be adjusted to the same height as the water level, and the plates were 30 mm long. Thus, the heat transfer length between water and air was 940 mm, and the heat transfer area was 0.094 m 2 . The test section was thermally insulated well with thermal insulator.
There was an electric heater in the water storage tank which was used to adjust water Width: 100 mm temperature. Water temperature was measured at the inlet and outlet of the test section with K-type thermocouples. Temperature, pressure and relative humidity of air were also measured at the inlet and outlet with K-type thermocouples, Bourdon tube pressure gauges and electric hygrometers, respectively. In the tests, the water depth in the test section was fixed at 5 mm. The average water velocity of the water layer was fixed at 0.03 or 0.07 m/s based on the calculated water velocity (cf. Fig. 7) , and it was confirmed that water velocity did not affect the evaporation heat transfer. Water at predetermined temperature (35, 40, 45, 50, 55, 60, 65 ℃) was supplied to the test section. The temperature of 65 ℃ is the upper limit in a SFP. Then, air was supplied and fixed at the predetermined flow rate. The air velocity was 0.02-2.08 m/s. The maximum air velocity was decided from the calculation of the ventilation air flow shown in Fig. 2 . After it was confirmed that the temperatures of water and air, and the humidity at the test section inlet and outlet were fully stabilized, measurements of the temperature, pressure, flow rate and humidity were conducted. Then, the flow rate of air was increased stepwise.
(a) Test loop (P: pressure gauge, T: thermocouple, X: electric hygrometer) (b) Test section Fig. 4 Test loop and test section for evaporation heat transfer (5) Relative humidity of the air flow measured at the inlet and outlet was converted into absolute humidity by using temperature and pressure. Then, air enthalpy at the inlet and outlet was calculated by using temperature and absolute humidity. The total heat transfer rate from the water flow to the air flow in the test section was calculated from enthalpy difference of air at the outlet and inlet. The heat flux on the water surface was obtained from the total heat transfer rate and heat transfer area.
In the general ocean circulation model, the heat flux from the sea surface to the atmosphere, q e [kW/m 2 ], is expressed by (7) : behavior in a SFP. Figure 6 shows the computational grid for determining thermal-hydraulics in the SFP. The width, length and depth of the SFP under the water surface were about 15, 10 and 12 m, respectively. The thickness of the side-wall concrete was 1.8 m. Flow and temperature fields in the SFP caused by natural circulation due to decay heat and heat loss and the temperature field in the concrete were calculated. In order to decrease the number of calculation cells needed, gap water between fuel assemblies in a rack was moved from the inside of the rack to its outside and fuel assemblies were tightly arranged in the rack. Therefore, the water gap between racks was larger than the actual gap. The mesh size near the walls was about 0.2 m and the total number of calculation cells was about 75,000 including the concrete region. (8) They reported that effects of mesh divisions (1,500-2,340 cells) with about 0.1 m mesh size on calculated temperature distributions, which agreed with the measured distributions within 4 % (3 ℃), were small for a water pool with 0.5×1.0×3.9 m simulating the suppression pool in a boiling water reactor.
In the calculation of the flow field, the standard k-ε turbulent model was used. On the water surface, the slip condition was used because the friction force by air was small (in the evaporation heat transfer tests (5) , waves on the water surface were not observed). On side and bottom walls and rack surfaces, the non-slip condition and the standard wall function were used. In the rack, a porous medium was used and a constant flow resistance due to fuel rods was input. The Boussinesq approximation for the water density calculation was used to calculate natural circulation force. In the calculation of the temperature field, decay heat of spent fuel was input in the rack regions as volumetric heat source. Different decay heat values could be used for each rack but the decay heat value was constant in the calculation cells of a rack. Boundary conditions between water and air and between water and concrete were given by heat transfer correlations. The natural convection heat transfer correlation proposed by Kataoka et al. (9) was used between water and concrete:
where Nu and Ra are Nusselt number and Rayleigh number, respectively. In the preliminary calculation to decide test conditions of evaporation heat transfer, the evaporation heat transfer correlation proposed by Fujii et al. (4) was used on the water surface:
where h e is the evaporation heat transfer coefficient and s C and a C are the vapor logarithmic mean concentration and the air logarithmic mean concentration (
respectively. Equation (6) was derived from evaporation and condensation tests in stagnant air conditions and did not include the effect of air velocity.
To obtain initial conditions before shutdown of the cooling systems, a transient calculation was done with inflow and outflow of cooling water. In the calculation, constant velocity boundaries were used at the water outlet and water inlet (cf. Fig. 6 (c) ). After the steady state was reached with water cooling, the inflow and outflow of cooling water stopped and the temperature increase was calculated.
Calculated Velocity Field
Natural circulation of water was calculated to evaluate water velocity near the water surface using the computational grid shown in Fig. 6 . Equations (5) and (6) were used for boundary conditions of heat transfer. In the calculation of the evaporation heat transfer coefficient using Eq. (6), constant temperature and humidity were used. The decay heat of spent fuel was about 5 MW. All racks in Fig. 6 (c) were equally heated to evaluate the flow field with a symmetrical arrangement. Figure 7 shows the calculated velocity field of water at the center of a vertical plane (Y = 5m). In the lower part of the SFP, water flowed upward inside the rack and downward outside the rack due to the heat source in the rack. In the upper part of the pit, a large circulation flow formed even with a symmetrical heating condition. The water velocities near the water surface were about 0.03-0.09 m/s. The water velocity was used for conditions in the evaporation heat transfer tests (5) . 
Calculated Water Temperature
Thermal-hydraulic behavior in the SFP was calculated to evaluate the temperature field of water using the computational grid shown in Fig. 6 . Equations (3) and (5) were used for boundary conditions of heat transfer. In Eq. (3), there was unknown uncertainty of size effects, and a relatively large air velocity of V a = 1.75 m/s was used, considering the calculated air velocity of about 1.43 m/s (cf. Fig. 3 ) and dispersion of 15 % in Fig. 5 . The decay heat of spent fuel was 5.0 MW. All racks in Fig. 6 (c) were equally heated to evaluate temperature field with a symmetrical arrangement. The temperature of the ventilation air was 20 ℃. The initial water temperature in the transient calculation with inflow and outflow of cooling water was 22 ℃ and the average temperature of SFP water at shutdown of cooling systems was 22.5 ℃. Figure 8 shows temperature distributions on the water surface and at the center of a vertical plane (Y = 5 m) 10 hours after shutdown of cooling systems. Water temperature was highest in the rack due to decay heat and was almost uniform outside the rack, except for regions near the water surface and the concrete walls and bottom part. The temperature distribution on the water surface showed flow direction and temperatures downstream became low due to heat loss to the ventilation air. The temperature difference on the water surface was within 1 ℃. Figure 9 shows velocity and temperature distributions of water at the center of a vertical plane (Y = 5 m) 20 hours after shutdown of cooling systems. The flow pattern was similar to that shown in Fig. 7 . In the lower part of the SFP, water flowed upward inside the rack and downward outside the rack due to the heat source in the rack. In the upper part of the SFP, a large circulation flow formed even with a symmetrical heating condition. Water temperature was high in the rack and near the rack outlet due to decay heat and was almost uniform outside the rack, except for regions near the water surface and the concrete walls. Figure 10 shows water temperatures and heat losses from water. Average water temperature increased due to decay heat. Surface temperature, which was averaged in the calculation cells on the surface, was a little lower than the average water temperature due to the heat loss to the ventilation air. Heat loss to the ventilation air was not zero at t = 0 because the water temperature of 22.5 ℃ was higher than the air temperature of 20 ℃, but heat loss to concrete was zero at t = 0 because the initial concrete temperature was the same as the water temperature. The heat losses to the ventilation air and concrete increased with increase in the water temperature. It is not shown in a figure here but the increase in the heat losses to the ventilation air (i.e. evaporation heat flux) did not remarkably affect the water 
Discussion
The main heat loss from SFP water is evaporation heat transfer from the water surface to the ventilation air (cf. Fig. 10 ) and its correlation is important to calculate water temperature accurately. The 15 % calculation error for ventilation air velocity discussed in section 2.1 gave about 8 % error for the evaporation heat flux predicted by Eqs. (3) and (4), which was much smaller than the difference between correlations. For example, the correlation derived from the analogy between the forced convection heat transfer and mass transfer gave about 1/3-1/2 values of measured evaporation heat fluxes (10) . The correlation used in this calculation, Eqs. (3) and (4), is based on limited data and does not include effects of the heat transfer length and humidity in the air flow. Koizumi et al. (11) have recently measured convection and evaporation heat transfer coefficients from the water surface to air using an improved test section and derived a heat transfer correlation. The water velocity was in the range of 0.024-0.186 m/s and did not affect heat transfer coefficients. Yanagi et al. (10) also derived a new correlation for evaporation heat fluxes using data measured by Ikeuchi et al. (5) and Koizumi et al. (11) , which includes effects of the heat transfer length and humidity in the air flow. It is recommended to use the new correlation. The 3D thermal-hydraulic calculation with the new correlation gave 1.5 ℃ (2 %) higher average water temperature than that with Eqs. (3) and (4) (cf. Fig. 10 ) 20 hours after shutdown of cooling systems. 3D calculations require a long computer time. On the other hand, the present calculated results indicated that a regional calculation model might be able to obtain an average water temperature accurately because water temperatures were almost constant in the SFP as shown in Figs. 8 (b) and 9 (b) . Moreover, heat loss from water to concrete could be neglected because it is much lower than heat loss from the water surface to the ventilation air as shown in Fig. 10 (b) . However, it should be noted that the surface temperature, which affected the calculation of heat loss from the water surface, was lower than the average water temperature as shown in Fig. 10 (a) .
Conclusions
In order to evaluate the heat loss and water temperature in a SFP after shutdown of its cooling systems, 3D thermal-hydraulic behavior in the SFP was calculated using the CFD software, FLUENT 6.3.26. A correlation for evaporation heat fluxes from the water surface to ventilation air was derived from results of the evaporation heat transfer tests and was used in the calculation. The following results were obtained.
(1) Water temperatures were almost uniform in the SFP except inside the rack and in regions near the water surface and the bottom. The result indicated that a regional calculation model might be able to obtain an average water temperature accurately. (2) The water surface temperature, which affected heat loss from the water surface, was lower than the average water temperature due to the heat loss. (3) It was confirmed that the higher the water temperature was, the larger the heat loss from water was, and that the major heat loss was the heat transfer from the water surface to ventilation air, which was about ten times larger than the heat transfer to the concrete walls.
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